A novel core-shell structure of silicon nanorods/carbon nanotubes (SiNRs/CNTs) is developed for use in field emission cathodes. The CNTs were synthesized on SiNRs, using the Ag-assisted electroless etching technique to form the SiNRs/CNT core-shell structure. This resulting SiNRs/CNT field emission cathode demonstrated improved field emission properties including a lower turn-on electric field E on (1.3 V/μm, 1 μA/cm 2 ), a lower threshold electric field E th (1.8 V/μm, 1 mA/cm 2 ), and a higher enhancement factor β (2347). These superior properties indicate that this core-shell structure of SiNRs/CNTs has good potential in field emission cathode applications.
Introduction
Carbon nanotubes (CNTs) have unique physical and chemical properties such as a high aspect ratio, small radius of curvature, exceptional chemical inertness, excellent environmental stability, and high mechanical strength [1] [2] [3] [4] [5] . Given their high field emission current density at low electric field and highly stable current, CNTs can be applied to field emission cathodes [6] . However, the field emission properties of densely packed CNTs are affected by the field-screening effect among neighboring nanotubes [7] . Patterning the alignment of CNTs has been found to improve field emission properties [8] [9] [10] [11] . Combining CNTs and other nonplanar substrates has also been used to improve field emission properties, for example, on tungsten tips [12] , nanocrystalline diamond films [13] , and silicon nanostructures [14] [15] [16] [17] . CNTs have been grown on the top of silicon nanowires (SiNWs), performing the E on of 2 V/μm (10 μA/cm 2 ) [15] . These structures could be used to effectively improve field emission properties. CNT field emission cathodes can be fabricated by various methods such as direct growth, electrophoresis, screen printing, the spray method, and composite plating [18] [19] [20] [21] [22] .
In this work, the CNTs were grown directly onto the SiNRs, forming the core-shell structure of a SiNRs/CNTs field emission cathode by thermal chemical vapor deposition. Investigation of the field emission properties of SiNRs, CNTs, and the SiNRs/CNTs field emission cathode showed that this core-shell structure of SiNRs/CNTs improves the cathode field emission properties.
Experimental
The SiNRs were synthesized on a p-type (1-10 Ωcm, B doped, 520 um) Cz silicon (100) wafer using the Ag-assisted electroless etching technique [23] . First, the wafer was cleaned ultrasonically for 20 min in both acetone and isopropyl alcohol. The cleaned silicon wafer was then immersed in a mixture of 5 mol/L aqueous hydrofluoric acid (HF) and 0.02 mol/L silver nitrate (AgNO 3 ) solution for 3 hours at room temperature. Following the electroless etching process, the high-density tree-like dendritic structures of silver films were removed using 30 wt% HNO 3 aqueous solution for 60 s. Finally, the samples were rinsed with deionized water and airdried.
The as-prepared SiNRs and silicon substrate were deposited with iron (Fe) catalyst layers and immediately placed in a quartz tube furnace to grow CNTs. Furnace conditions were 700
• C at atmospheric pressure with a mixed gas of N 2 and C 2 H 2 (10 : 3) using the thermal chemical vapor deposition method.
The surface morphologies of films were characterized by field emission scanning electron microscopy (FESEM, JEOL JSM-6700F, operated at 15 kV) and transmission electron microscopy (TEM, Philips Tecnai F20 G2 FEI-TEM). The bonding structures of CNTs were analyzed using microRaman spectroscopy with excitation of spectrum 514 nm. The field emission measurements were performed using parallel-plate geometry with a gap of 150 μm between the anode (copper) and the cathode (samples) in a vacuum chamber with a base pressure of about 1 × 10 −6 Torr. A Keithley 237 was used to provide variable dc voltages and collect electric current across the specimen, and the emission measurement area was 10 × 10 mm 2 . Figure 1 schematically diagrams the procedures for fabricating the core-shell structure of the SiNRs/CNTs field emission cathode. Figure 2 shows the SEM images of the surface and crosssection morphology of the SiNRs, CNTs, and SiNRs/CNTs films. During the long etching time the silicon nanowires (SiNWs) take on a bundled structure, which is attributed to Journal of Nanomaterials the strong SiNWs van der Waals attraction [24] . As a result, in this study, the SiNWs bundle structure is denominated the SiNRs. The SiNRs are separated from each other and are held perpendicular to the sample surface at an average height of ∼17 μm. A large quantity of highly aligned CNTs film was deposited on the silicon substrate, as shown in Figure 2(b) . Ten min growth produces a CNTs film with a thickness of ∼26 μm. The physical deposition is limited to the nanoscale which causes discontinuous deposition of the Fe catalyst layer on the SiNRs. This suggests that the top of the SiNRs is covered by a thicker Fe layer than their sidewalls and bottom. Hence, the numerous entangled CNTs form the nest-shaped assemblages of CNTs on the top of each SiNRs, and the CNTs are also synthesized on the SiNRs side-walls to form a coreshell structure, as shown in Figure 2(c) . Figures 3(a)-3(c) show the TEM images of SiNRs, CNTs, and SiNRs/CNTs. Figure 3(b) shows a multiwall nanotube with a hollow structure and reveals the wellordered lattice fringes of the nanotube. Figure 3(c) shows that the SiNRs are surrounded by CNTs. Figure 3(d) shows the magnified schematic diagram of the core-shell structure of SiNRs/CNTs.
Result and Discussion
The Raman spectrum of CNTs typically has two characteristic peaks at around 1350 and 1580 cm −1 [25] . The 1580 cm −1 peak can be identified as the G band of crystalline graphite arising from its zone-center E 2g mode. For graphitelike materials with defects, the 1350 cm −1 peak is identified as the D band, which is activated due to defects in and disorder of the carbonaceous material. Thus, the smaller relative intensity ratio of the D and G bands (I D /I G ) implies a better graphite structure and a higher degree of graphitization. In comparison with the localized electrons in σ bonds on CNTs, the delocalized electrons in the π orbital of the sp 2 bond have a higher degree of mobility and are more easily emitted from CNTs [26] . Therefore, greater sp 2 bonding (i.e., lower I D /I G ratio) would improve the field emission properties [27] . Figure 4 shows the Raman spectra of the CNTs and the SiNRs/CNTs, with respective I D /I G ratios of about 0.59 and 0.55. The core-shell structure does not affect the graphitization of the CNTs, which makes them applicable to field emission devices. Figure 5 shows the current density-electric field (J − E) plot and the corresponding Fowler-Nordheim (FN) plot. According to the FN equation, the emission current density J = A(βE) 2 exp(−Bφ 3/2 /βE), where A and B are constants, E is the applied electric field, β is the enhancement factor, and φ is the work function of 5 and 4.15 eV for CNTs and SiNRs, respectively [15, 28] . The respective E on at a current density of 1 μA/cm 2 for the SiNRs, CNTs, and SiNRs/CNTs field emission cathodes is 4.5, 2.4, and 1.3 V/μm. The respective E th at a current density of 1 mA/cm 2 for CNTs and SiNRs/CNTs field emission cathodes is 4.2 and 1.8 V/μm. The respective enhancement factor β of the SiNRs, CNTs, and SiNRs/CNTs field emission cathodes is estimated at about 1154, 1675, and 2347.
The field emission property with E th of the core-shell structure of SiNRs/CNTs is comparable to that found in previous reports. Li and Jiang. deposited CNTs on a silicon nanoporous pillar array prepared by hydrothermal etching technique [16] , which provided good field emission properties with the E th about 1.9 V/μm. Qinke et al. synthesized CNTs on the top of a SiNW array prepared by Ag-assisted electroless etching [15] , which showed the E th at about 3.3 V/μm. CNTs only synthesized on the top of the SiNW array, which failed to effectively enhance the field emission properties. The SiNRs/CNTs field emission cathode shows not only a high enhancement factor but also low E on and low E th . The screening effect of densely packed CNTs produced among neighboring nanotubes resulted in disappointing CNTs field emission properties [29] . The core-shell structure of the SiNRs/CNTs reduces the density of CNTs, thus further decreasing the screening effect and improving the field emission properties. In addition, we suggest that the SiNRs/CNTs structure could reduce the work function below 5 eV. Consistent with previous reports, the lower work function of SiNRs/CNTs field emission cathode also enhances field emission properties, resulting in a higher current density, lower turn-on electric field, and higher enhancement factor [30, 31] . However, excellent field emission properties were achieved in the CNTs field emission cathode with a core-shell structure using SiNRs. Further studies are needed to determine the optimum SiNRs diameter and CNTs film thickness for the core-shell structure of SiNRs/CNTs cathode to promote field emission properties.
Conclusion
We developed a novel core-shell structure of SiNRs/CNTs for field emission cathodes, effectively improving field emission properties including an E on of 1.3 V/μm, E th of 1.8 V/μm, and β of 2347. These improvements were attributed to the SiNRs/CNTs core-shell structure reducing the screening effect and work function. These results indicate that the core-shell structure of SiNRs/CNTs might be suitable for improved cathode of field emission displays.
